A humidity fiber optic sensor based on phase-shifted (PS) fiber Bragg Gratings (FBG) is demonstrated in this paper. The sensor (PS-FBG) is coated with a moisture sensitive polyimide. When this thin coating is exposed to moisture its swells, hence inducing tensile stress on the PS-FBG and affecting its Bragg wavelength. Due to its intrinsic properties, the PS-FBG sensor presents the same trend of wavelength variation as standard fiber Bragg Grating sensor but with higher measurement resolution, and reliable measurements can be obtained in different humidity and temperature environments. This paper assesses the suitability, including sensitivity and response time, of the phaseshifted FBG sensor approach for humidity sensing. By monitoring this change, it is demonstrated that the humidity level of the environment can be accurately monitored.
INTRODUCTION
A fiber Bragg grating (FBG) is a periodic modulation of refractive index fabricated in a short segment of an optical fiber [1] . When light travels through it, wavelength equal to 2nΛ (n is the effective refractive index of the optical fiber, Λ is the grating pitch) reflects back while the remaining wavelengths pass through. This wavelength is known as Bragg wavelength. Any parameters affecting the refractive index or the grating pitch affect the Bragg wavelength. Sensors and systems based on this principle have been developed for the monitoring of temperature [2] , strain [2] [3] , acoustic [4] [5] , humidity [6] [7] , etc. Compared to other types of sensors, FBG sensors have demonstrated three major advantages, which are multiplexing capability (tens or hundreds of FBG sensors can be fabricated and monitored on a single optical fiber); remote monitoring capability and immunity to electromagnetic (EMI) and radio frequency (RFI) interferences.
In recent years, it has been found that introducing a π phase shift in the middle of the fiber Bragg gratings results in the formation of a narrow peak with a megahertz line width. Compared to the typical width of FBG signal, which is usually at the level of tens of GHz, the signal of π phase-shifted fiber Bragg gratings (PS-FBG) is much narrower. Therefore, sensors based on PS-FBG will offer much higher resolution compared to their FBG counterparts. Indeed, high resolution strain measurement using PS-FBG has been reported recently [8] [9] [10] . This paper evaluates the feasibility of fabricating humidity sensors using π-PS-FBG, and reports on the operation principle and the its performances for humidity sensing. Figure 1 compares the typical spectra of FBG and π-PS-FBG. For FBG sensor, the Bragg wavelength is the centre position of the peak. While for π-PS-FBG, the FBG peak splits into two identical narrow peaks and forms a sharp dip in between. The position of the dip is the Bragg wavelength. It is obvious that much higher resolution and accuracy can be obtained in resolving the Bragg wavelength of the π-PS-FBG than in the case of FBG due to the very fine line width of the π-PS-FBG signal. 
OPERATION PRINCIPLE

Comparison of a π-PS-FBG and a normal FBG
Humidity sensing principle
Moisture swells many types of polymers, such as polyimide, epoxy, etc. The extension of swelling depends on the humidity level [11] . If a thin layer of one of those polymers is coated on the grating surface, the swelling of the polymer produces a tensile stress on the grating as illustrated in Fig. 2 . This stress then induces a tensile strain on the fiber which increases the grating pitch from Λ to Λ+ΔΛ, hence the Bragg wavelength λ B from 2nΛ to 2n(Λ+ΔΛ). Therefore, the Bragg wavelength can be correlated to the humidity level. Since the polyimide swells after the absorption of water, the tensile strain effect induced on the polyimide due to moisture and temperature is given by,
where PI ρ′ is the density of water, PI ρ is the original density of polyimide, w is the weight gain of the swelled polyimide coating, 0 D is the thickness of the polyimide coating and f R is the radius of the fiber. Eq. 2 below represents the Bragg wavelength shift for the polyimide coated fiber, P is the photoelastic coefficient of the fiber, which is typically equal to 0.22 for fused silica and B λ is the original Bragg wavelength whose value is 1550nm in this experiment, PI ε is the tensile strain of the fiber, f is short for fiber, PI is short for polyimide, and the swelling force is determined by the strain ε , Young's modulus E and the cross-sectional area A .
In our simulation test, the water uptake is assumed to vary from 0 to 3.0% and the interval is set at 0.15%. Fig. 3(a) presents the preliminary simulation results of standard FBG at 20 water absorption points. The figure shows that the shift of the Bragg wavelength increases linearly with the water uptake. From the linear curve, we obtained that higher water uptake, due to the higher ability of polyimide to absorb water, leads to larger shifts of the Bragg wavelength and a higher sensitivity to humidity. Moreover, the variation of the Bragg wavelength depends not only on humidity but also temperature. As shown in the Fig. 3(b) , temperature is tuned from 10°C to 150°C and water uptake is kept at 2%. It reveals that the Bragg wavelength shift over the water uptake change from 0% to 2% becomes smaller at higher temperatures. Higher temperature leads lower sensitivity, which can be attributed to the decreasing Young's modulus due to the temperature difference. 
RESULTS AND DISCUSSIONS
Polyimide is one of the most reliable engineering polymers. Its reliability has been demonstrated in its variety applications in the electronic and fiber optic packaging [12] . In this paper, polyimide was chosen as the coating material. Most polyimides have a repeated chemical structure similar to the one shown below:
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The fabrica easily tune illustrated transmitted circulator a reflects bac analyzer. Fig. 6 Reflection spectra at different humidity level (10%, 30%, 50%, 70% and 90%) at 30°C Fig. 7 presents the preliminary testing results of a π-PS-FBG coated with polyimide thin film at three temperatures. The figure clearly shows that the Bragg wavelength of the sensor increases linearly with relatively humidity. This result is similar to those obtained using standard FBG humidity sensors [6] [7] . Fig. 7 also shows that the Bragg wavelength of the π-PS-FBG increases with ambient temperature just like its FBG counterparts. In principle, the temperature cross sensitivity can be simply compensated using the Bragg wavelength-temperature relationship measured (the results are shown in Fig. 8 ), i.e. the temperature sensitivity, as reported in [6] . 
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Furthermore, the Bragg wavelength-humidity-temperature relationship in Fig. 7 reveals that the Bragg wavelengthhumidity relationship (or humidity sensitivity as defined in [6] ) also depends on temperature. If we draw the relationship between the humidity sensitivity and the temperature as shown in Fig. 9 , it can be seen that the lower the temperature, the higher the humidity sensitivity is, which is demonstrated in our simulation test shown in Fig  2(b) . This can be attributed to the fact that the Young's modules of the polyimide coating decreases with temperature. Fig. 9 Relationship between humidity sensitivity and temperature
The response time was evaluated in the environmental chamber at 50°C. The chamber is set for humidity variation from 50%RH to 90%RH. Summarizing the data obtained in 2 hours, the plot of the wavelength shift of the PS-FBG as a function of the response time is presented in Fig. 10 , showing that the time of the ascending order and descending order is 18 and 9 minutes. Observing from the trend of the curves displaced in Fig. 10 , it can be deduced that the wavelength of each sensor still has a little rise after they reached the stable number in the ascending order (which is from 50%RH to 90%RH), while it kept more stable after response time in the descending order (which is from 90%RH to 50%RH), resulting from the thermal response delay. Moreover, the sensors responded more rapidly in the descending order from 90% to 50%, resulting from larger water desorption rate than absorption rate in polymer [13] [14] . 
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CONCLUSIONS
In summary, a humidity sensor based on a π phase shifted fiber Bragg grating was demonstrated. It was found that the Bragg wavelength of the sensor increases linearly with the ambient humidity. It was also found that the humidity sensitivity of the sensor decreases with ambient temperature. To compensate the temperature cross sensitivity, both temperature sensitivity and the temperature induced humidity sensitivity change need to be considered. The best approach is probably to build a lookup table.
